Background: Approximately 10-20 million Americans have been clinically diagnosed with thyroid nodules. Shear wave elastography (SWE) and real-time elastography (RTE) are two primary forms of elastography for identifying the status of thyroid nodules. The aim of this study is to assess the performance of RTE and SWE in identifying malignant thyroid nodules. Methods: Relevant articles were systematically retrieved from PubMed, Embase and Cochrane Library. In order to evaluate the overall diagnostic accuracy, we have considered pooled sensitivity (SEN), specificity (SPE), area under the curve (AUC) and partial AUC with corresponding 95% confidence intervals (95%CIs). Stratified analyses by ethnicity (Caucasian, Asian), the number of malignant nodules (> 50, < 50), score system (elasticity scores: ES and strain ration: SR) and ES (> 4, < 4) were performed to explore potential sources of heterogeneity. All statistical tests were performed using the R 3.2.1 software package. Results: We analyzed 80 trials from 71 studies with 16,624 subjects (12,348 for SWE, 4,276 for RTE). The pooled results suggested that RTE is more accurate than SWE in diagnosing malignant cases (RTE: SEN= 0.829, 95%CI = 0.799-0.855, SPE = 0.828, 95%CI = 0.789-0.862, AUC = 0.889; SWE: SEN = 0.784, SPE = 0.824, AUC = 0.859). No significant difference was found in the subgroup analyses. Conclusion: Our findings revealed that RTE is superior to SWE in differentiating malignant and benign thyroid nodules. Nevertheless, more studies focusing on the diagnostic accuracy of RTE and SWE during different stages of thyroid nodules development should be carried out in the future.
Introduction
Thyroid nodules are frequently observed in clinical practice. Epidemiological studies demonstrate that approximately 10-20 million Americans have been clinically diagnosed with thyroid nodules, of which 4-7% of the cases were classified as malignant [1, 2] . The incidence of thyroid nodules has been increasing, leading to an increase in the demand of precise detection techniques, capable of dealing with small, incidentally discovered nodules.
Fine-needle aspiration (FNA) has long been considered as a standard procedure for differentiating benign and malignant nodules. However, this method is limited by its invasive approach of sampling [3, 4] . Elastography, as a non-invasive imaging modality, is promising in the diagnostic evaluation of thyroid nodules [5] [6] [7] . It utilizes ultrasound imaging to evaluate the tissue elasticity distribution.
The two prevalent types of elastography are real-time ultrasound elastography (RTE) and shear wave elastography (SWE). The former, also called "electronic palpation," was firstly introduced in 1991; this technique is designed to identify malignant thyroid nodules using tissue elasticity measurements [8] . Its function bases on the mechanism that with an external force softer tissue have a high degree of deformation than hard parts; and the degree of distortion of a tissue under compression can be recorded, which leads to an objective evaluation of tissue stiffness. Nowadays, there are two primary criteria, including a qualitative assessment with the elasticity score and a quantitative assessment with the strain ratio, for assessing the diagnostic power of RTE [9] . SWE has also been found to be a promising diagnostic method [10] [11] [12] . In brief, the mechanism of SWE is that tissues are stressed by a radiation force produced by an ultrasonic beam, and the speed of shear waves were recorded by ultrafast sonographic tracking techniques. As suggested by the Young modulus formula, tissue elasticity can be reflected by the speed of shear wave propagation and the real-time color-coded elastogram in which tissues in blue are softer whereas tissues in red are comparatively stiffer [13] .
So far, a large number of studies on the effectiveness of SWE and RTE in differentiating between malignant and benign thyroid nodules have been conducted. These studies, however, are limited in sample size and have reported a wide range of sensitivities and specificities. Therefore, we conducted a meta-analysis to assess the performance of RTE and SWE on identifying malignant thyroid nodules.
Materials and Methods

Search strategy
A systematical literature search for relevant articles was carried out in electronic databases, including PubMed, Embase and Cochrane Library, using the following key terms in conjunction with a complete set of their corresponding synonyms: "thyroid neoplasms or thyroid carcinoma" AND "sensitivity or specificity or diagnosis" AND "elastography or elasticity imaging techniques" (up to Sept. 9 2015).In addition to that, we conducted a manual search for relevant references contained in published articles to ensure the completeness of the selection process.
Inclusion and exclusion criteria
To start with, titles and abstracts of all retrieved articles were manually screening to exclude duplicate publications and irrelevant articles. The remaining studies were included in the meta-analysis if the following inclusion criteria were satisfied: 1) Studies evaluating the diagnostic accuracy of SWE or RTE; 2) The diagnosis of malignant and benign thyroid nodules should be confirmed by histopathological examination on samples from fine-needle aspiration biopsy or surgical resection; 3) Diagnostic accuracy statistics, including true-positive (TP), false-positive (FP), true-negative (TN), false-negative (FN), sensitivity (SEN) and specificity (SPE), should be provided; 4) Clinical studies should have gotten informed consents from each study subject and obtained approval from the local ethics committees. Furthermore, studies were excluded if: 1) Studies incorporated duplicated data; 2) Studies belonged to case reports, reviews, abstracts and meeting reports that did not provide sufficient data for evaluation; 3) Studies that were not approved by local ethics committees or did not acquire informed consents from all the study subjects.
Data extraction
Two researchers independently reviewed the full text of each selected study and the following information was extracted: first author, publication year, region, race, the number of nodules in the case and control group, diagnostic statistics such as TP, FP, FN and TN. To assess the diagnostic accuracy of RTE with different score system, the elasticity score (ES) and strain ration (SR) were also extracted from studies if they were available. Discrepancies between the two researchers with respect to data extraction and consolidation were resolved by a third reviewer. Furthermore, SEN and SPE were either calculated from the original data or, in absence of such data, estimated using the corresponding summary receiver operating characteristics (SROC). Finally, missing data in the selected studies were not removed but requested from the appropriate authors via email.
Quality assessment
The methodological quality of adopted studies was evaluated systematically by two reviewers in accordance with the rating system of Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) which is the standard quality assessment of selected studies [14] . The QUADAS-2 system concerns about 4 major aspects including the index test, patient selection, the reference standard and flow and timing. Each study was scored by ten questions with a maximum score of 10 and scores were compiled based on whether they met each of the 10 criteria: "yes" (1 score), "unclear" or "no" (0 score).
Statistical methods
The overall diagnostic accuracy of SWE/RTE was assessed by the pooled SEN, SPE, area under the curve (AUC) and partial AUC along with their corresponding 95% confidence intervals (95% CIs). Moreover, SROC curves were generated to present the estimator of diagnostic accuracy. Heterogeneity among the included studies was evaluated by the Deek's funnel plot asymmetry test, and a P value of less than 0.05 reveals the existence of significant heterogeneity. Subgroup analysis by ethnicity (Caucasian, Asian), the number of malignant nodules (> 50, < 50), score system (elasticity scores: ES and strain ration: SR) and ES (> 4, < 4) were carried out to explore potential sources of heterogeneity. Finally, potential publication bias was evaluated by Deeks' Funnel Plot Asymmetry Test. All the statistical analysis was performed by R 3.2.1 software. All statistical analyses were implemented by the R 3.1.2 software.
Results
Literature search
The search strategy enabled us to identify a total of 615 relevant articles from various databases; 264 of these articles were removed as they were duplicated publications. The remaining 351 articles were subject to abstract and titles review. We further removed 255 articles: 67 letters, reviews or meta-analyses and 188 were unrelated studies. Therefore, only 96 articles were eligible for full text review and data assessment. Finally, we excluded 25 studies due to unavailable data and the remaining 71 studies were included in the meta-analysis [3, 5-7, 10-12, 15-78] . The entire process of literature search, from article identification to the final stage of inclusion, is illustrated in Figure 1 .
Main characteristics of the included studies
All of the included studies were carried out between 2005 and 2015 with a total number of 16,624 subjects (12,348 for SWE, 4,276 for RTE). A total of 829 malignant cases diagnosed by SWE in 20 published studies and 3,260 malignant cases by RTE in 60 published studies. The proportion of selected studies involving Caucasians and Asians was 53.75% and 46.25%, respectively. The main characteristics of selected studies for assessing RTE and SWE are indicated in Table 1 and Table 2 , respectively. And the Deek's funnel plot asymmetry test did not find any heterogeneity between RTE (P = 0.33) or SWE (P = 0.37). Additionally,
the QUADAS-2 guidelines indicated that the overall quality of included studies was considered to be high. Figure 2A -B, respectively. Finally, the SROC curves for SWE and RTE are displayed in Figure 3A -B.
Summary of diagnostic performance
Since there was significant heterogeneity among included studies (P-value < 0.05), a randomeffects model was adopted to analyze the overall accuracy of SWE and RTE. The pooled results indicate that RTE was more accurate than SWE as suggested by higher sensitivity,
Subgroup analysis
We also carried out a subgroup analysis to investigate whether the diagnostic accuracies of the two elastography techniques significantly differed in stratified populations. Due to the presence of significant heterogeneity (P-value < 0.05), we implemented a random-effects model for the subgroup analysis. The results demonstrated that SWE for diagnosing thyroid nodules was more accurate in Caucasians than in the overall populations and Asians (SEN: 0.795 > 0.784 >0.787, SPE: 0.855 > 0.824 > 0.803, AUC: 0.876 > 0.859 > 0.856, partial AUC: 0.786 > 0.765 > 0.751).Additionally, subgroup analysis by the number of malignant nodules revealed that SWE was more powerful for diagnosing those thyroid nodules with more than 50 malignant nodules than those with at most 50 malignant nodules (specificity: 0.84 > 0.82, AUC: 0.881 > 0.855). However, the subgroup of thyroid nodules with at most 50 malignant nodules had the highest sensitivity compared to that in the overall analysis and the subgroup of Asians (sensitivity: 0.797 > 0.784 > 0.782). Subgroup analysis of SWE for thyroid nodules diagnostic accuracy was illustrated in Figure 4A -B.
Since there was just one study involving Africans in the meta-analysis of RTE, subgroup analysis by ethnicity was carried out for Caucasians and Asians only. RTE for diagnosing thyroid nodules appeared to be more powerful in Caucasians than that in Asians with respect to sensitivity, AUC and partial AUC (sensitivity: 0.845 > 0.82, AUC: 0.899 > 0.887, partial AUC: 0.894 > 0.842). On the other hand, the subgroup of Asians had slightly higher specificity compared to the overall analysis and the subgroup of Caucasians (specificity: 0.835 > 0.828). In addition, subgroup analysis by the number of malignant nodules indicated that RTE was more appropriate in diagnosing thyroid nodules with more than 50 malignant nodules compared to those with at most 50 malignant nodules (sensitivity: 0.832 > 0.83, specificity: 0.854 > 0.812, AUC: 0.908 > 0.873).
Since the difference between score systems used in RTE may have a significant impact on the evaluation of diagnostic accuracy, subgroup analysis by score systems was also performed. It appeared that RTE with SR had higher sensitivity and specificity than RTE with
Discussion
Diagnostic differentiation of malignant thyroid nodules from benign ones has long been considered as a clinical barrier due to the invasive nature or rather low differentiation efficacy of conventional ways, such as FNA and classical sonography [79] [80] [81] . Elastography, a novel method utilizing tissue stiffness imaging, for identification of malignant and benign nodules, has gained popularity in recent years. RTE and SWE, the main practical applications of this method, are of our interest.
In this meta-analysis, studies were included in order to examine whether the two approaches displayed discrepant sensitivities and to decide which one was more useful in identifying malignant and benign thyroid nodules. The results suggest that both elastography methods were valuable in differentiating malignant from benign nodules with their considerable pooled sensitivity (82.9% for RTE, 78.4% for SWE) as well as specificity (82.8% for RTE, 82.4% for SWE), further confirming the application prospects of elastography in Table 2 . Main characteristics of the selected studies of shear wave elastography in the meta-analysis. TP: true positive, FP: false positive, FN: false negative, TN: true positive Fig. 2 . The forest plot of SWE's (A) sensitivity and (B) specificity in thyroid nodules diagnosis with the corresponding heterogeneity. The sensitivity and specificity from each study are represented by circle, and the confidence interval (CI) is indicated by error bars. this field.
It can be seen that RTE was slightly more powerful than SWE. With a slightly lower negative likelihood compared to that of SWE, RTE may have better chances to identify malignancies. The strong malignancy predicting capacity of RTE was first reported using a 
US scanner modified for that research, with 82% sensitivity and 96% specificity [6] , followed by a retrospective study reporting 81% sensitivity and 94% specificity [3] . A meta-analysis comprising both abovementioned studies by Bojunga et al. further conformed the high performance of RTE with sensitivity and specificity approaching to 88-96% and 85-95%, respectively [82] . With the evidence of case control study and meta-analysis, the results of RTE in our study was verified to be coincide with the current evaluation of the diagnostic efficiency of RTE in differentiating malignant nodules from benign ones. However, apart from the strict requirements for high-end and expensive devices, RTE still faces significant issues; for instance, it is nearly impossible to adequately examine multinodular goiters in order to identify follicular thyroid carcinoma [83] . The diagnostic drawbacks could be attributed to the specific soft textures of follicular carcinomas, which differ from the substantial firmness of other malignant nodules [84] . The differentiation of nodules, however, is strictly dependent on the stiffness of the tissue under compression [85] . SWE seems to have one prominent advantage over RTE. As was stated in a previous study [60] , SWE allows to evaluate the elasticity of thyroid nodules in presence of autoimmune thyroiditis while it is unfeasible for RTE to do so. RTE is a method that evaluates tissue elasticity relative to the surrounding environment, which means several confounding factors may be involved.
According to the study by Zhang et al., the pooled sensitivity, specificity and AUC for the diagnosis of malignant thyroid nodules by SWE were 0.84, 0.90 and 0.92 [13] . Meantime, Lin et al. revealed that the ability of SWE for detecting malignant thyroid nodules has a high pooled sensitivity, specificity and area under the summary receiver operating characteristic curve (SEN = 0.843, SPE = 0.884, AUC = 0.93) [86] . When compared with the previous studies, our results shown that SWE has a slightly lower diagnostic power in differentiating malignant nodules form benign ones. The reason for this results is that our study included 20 published articles about SWE, while there only 5 included studies in the article of Zhang et al. [13] and 15 in the article of Lin et al. [86] . Then, contrasting with these included studies, our study not only contained the case control studies which have high sensitivity and specificity, like Zhuo et al. [78] and Sebag et al. [10] (SEN = 0.963, SPE = 0.962; SEN = 0.852, SPE = 0.939), but also incorporated those with poor results, like Xu et al. [73] and Szczepanek-Parulska et al. [63] (SEN = 0.682, SPE = 0.769; SEN = 0.761, SPE = 0.641). Hence, SWE have a slight lower, but a more robust result based on our abundant included studies.
The results of subgroup by ethnicity and nodules number indicated that there were not potential heterogeneity in RTE and SWE. Furthermore, we conducted a stratified analysis by evaluation methods, including strain ratio and elastography score system. And there no significant difference was found in evaluating tissue stiffness, which in accordance with previous studies by Xing et al. and Ning et al. Hence, the assessments of RTE cannot produce discrepancy in diagnostic efficacy [52, 87] . However, there were several limitations in this meta-analysis. First of all, we included only English publications, which may cause a certain loss of relative studies. Secondly, ultrasound elastography, as a new technique for evaluating the elasticity of thyroid nodules, would be affected by subtle variations in the technical performance. Naturally, the diagnostic efficacy would be influenced, which may cause heterogeneity. In our meta-analysis, only 4 studies assessed inter observer variability and gained a superior concordance rate. Therefore, inter observer variability should be assessed in more studies. Thirdly, the clinical machines applied in SWE were Siemens or SuperSonic Imagine, and these two kind machines have different reconstruction techniques for the shear wave speed map. This difference may impact the results of SWE.
In summary, this comprehensive meta-analysis demonstrated that both SWE and RTE show good sensitivity and specificity in differentiating malignancy from benignancy. Moreover, though RTE might display a higher overall diagnostic performance, its weakness lies in its inability to evaluate multinodular goiters and its strict requirements for costly high-end devices. Hence, SWE could be considered as an additional important method with significant clinical utility for thyroid nodules diagnosis.
